In a large scale mutagenesis screen of Medaka we identified 60 recessive zygotic mutations that affect retina development. Based on the onset and type of phenotypic abnormalities, the mutants were grouped into five categories: the first includes 11 mutants that are affected in neural plate and optic vesicle formation. The second group comprises 15 mutants that are impaired in optic vesicle growth. The third group includes 18 mutants that are affected in optic cup development. The fourth group contains 13 mutants with defects in retinal differentiation. 12 of these have smaller eyes, whereas one mutation results in enlarged eyes. The fifth group consists of three mutants with defects in retinal pigmentation. The collection of mutants will be used to address the molecular genetic mechanisms underlying vertebrate eye formation. q
The vertebrate eye and in particular the retina is a classical model system to study processes as diverse as morphogenesis, induction and differentiation. The cells that contribute to the retina on the one hand and the lens on the other hand originate from neighbouring territories in the anterior neuroectoderm and abutting placodal ectoderm, respectively. The precursors of the vertebrate retina evaginate from the lateral forebrain as optic vesicles, thus are both easy to examine morphologically by standard microscopy and accessible for manipulation. Differentiation in the vertebrate retina results in a simple and stereotypic laminar arrangement of seven major cell types, which can be identified based on position and morphology (Dowling, 1987; Masland, 2001) . Furthermore a large number of cell type specific molecular markers are available. In transparent embryos of lower vertebrates it is possible to follow retinal development throughout embryonic development, starting with neural patterning at gastrula stages, up to the establishment of retino-tectal projections of the terminally differentiated retina (Baier et al., 1996; Easter and Malicki, 2002; Malicki et al., 1996) . In the large scale screen of Medaka (Oryzias latipes) for mutations affecting development, we took advantage of this to identify mutations affecting retinal development.
In previous mutagenesis screens of other vertebrate models systems, many mutations that affect eye development have been described (Balling, 2001; Driever et al., 1996; Haffter et al., 1996) . However, it is unlikely that saturation has been reached in these screens, since the identification of novel mutations has been reported in the meantime (Becker et al., 1998; Jensen et al., 2001; Link et al., 2000; Link et al., 2001 , Loosli et al., 2003 . Furthermore Medaka, zebrafish (Danio rerio) and mouse are separated by at least 125 and 400 Myr of independent evolution, respectively . Thus, it is likely that similar approaches will lead to significant differences in the isolated set of mutations in these vertebrate model systems.
In Medaka, as in other vertebrate species, retinal development is initiated by the specification of the retina anlage in the anterior neural plate at late gastrula stages (st 15, 16 hpf, (Iwamatsu, 1994) ). Antero-posterior patterning under the influence of Wnt signaling results in the specific expression of homeobox transcription factors that have been shown to be essential for retinal specification at that stage, namely six3 and pax6 (Carl et al., 2002; Hill et al., 1991; Lagutin et al., 2003; Schier, 2001 ). The cells then converge to the midline and come to lie in the prosencephalon. During neurulation, they evaginate laterally to form the optic vesicle, a process that requires the homeobox transcription factor rx3 (Loosli et al., 2003; Loosli et al., 2001; Mathers et al., 1997) . Nodal dependant midline signalling is required for proximo-distal patterning of the optic anlage; its absence results in cyclopia due to the absence of proximal optic stalk tissue (Masai et al., 2000; Schier, 2001) . At the 6 somite stage (st 21, 28 hpf) the optic cup contains two layers: an inner pseudostratified neuroepithelium from which the neural retina will form, and a thin layer of pigment cells.
Differentiation is initiated at the 22 somite stage (st 26, 54 hpf) in the central retina. As in other vertebrates the first neurons to be born are the ganglion cells. The bHLH transcription factor ath5 is first expressed at 54 hpf, marking the onset of ganglion cell differentiation (Del Bene and Wittbrodt, unpublished) . Morphologically, the three layers of the neural retina have been formed by 70 hpf (st 29). During subsequent development, differentiation and retinal layer formation progress from the central retina towards the periphery (Negishi et al., 1990) . The edges of the retina, the ciliary marginal zone (CMZ), remain undifferentiated and contain progenitor cells that continue to proliferate, thus ensuring life-long growth of the retina (Perron et al., 1998) .
Genetic analysis of vertebrate model systems have identified a number of genes that are required for many of the steps of eye development (Ashery-Padan and Gruss, 2001; Chow and Lang, 2001; Malicki, 2000) . However, a detailed analysis of the molecular mechanism of vertebrate eye formation is far from being complete. In a large scale mutagenesis screen of Medaka we searched for recessive zygotic mutations that affect retinal development. We identified 60 mutations falling into five categories: (1) patterning of the anterior neural plate and optic vesicle formation, (2) optic vesicle growth, (3) optic cup development, (4) retinal differentiation and (5) retina pigmentation. Here we describe the initial genetic and phenotypic characterization.
Results
In a systematic three generation screen of Medaka (Furutani-Seiki et al., 2004) we searched for recessive zygotic mutations that affect retina development. The morphology of living embryos was examined at day 1, 2 and 3 using dissection stereo microscopes. At these time points the embryos were examined for the size and morphology of the optic vesicle and cup as well as the fore-and midbrain. Sixty mutations were isolated and mutant lines were kept for further analysis. All phenotypes were fully penetrant. The mutants were classified into five groups based on the initial morphological characterization (Table 1) . Mutations within a phenotypic class were tested for complementation.
In the wild type embryo the neural keel is easily detectable at 20 hpf (st 16, Fig. 1B ) and optic vesicle evagination starts 3 h later (st 17, Fig. 1C ). Mutants that showed abnormal optic vesicles were analyzed at the neural keel stage to examine whether convergent extension is affected. Optic vesicle evagination is complete at 26 hpf (st 20) and the transition to the optic cup starts at 32 hpf (st 21) and lasts for about 6 h (Fig. 1E,F) . Pigmentation starts at the 18 somite stage (st 25, 48 hpf) in the retina pigment epithelium (RPE).
2.1. Mutations affecting the formation of the anterior neural plate and optic vesicle 2.1.1. Mutants impaired in anterior neural plate development Optic vesicle evagination is the first morphological evidence for retinal development. Eleven mutants were affected already at this stage of development (Table 1) . Three mutants of this group showed defects in the formation of the neural keel, namely 14-24, 8-14, c43c8-1A (Fig. 2 and data not shown). Therefore this subgroup was presumed to be impaired in anterior neural plate formation. Convergence movements appeared to be abnormal in 14-24 and 8-14 mutants, resulting in altered neural keel morphology at 20 hpf (st 16). In 8-14 mutant embryos the anterior keel is broader than in the wild type embryo ( Fig. 2A,B) . Often only one optic vesicle evaginates asymmetrically. In mutants where both optic vesicles evaginate, the two eyes are of different size. At 32 hpf (st 21) the transition from optic vesicle to cup is affected and no lens is formed. At later stages the morphology of the eye is abnormal, due to an enlarged ventro-posterior region. At late gastrula stages 14-24 mutants show abnormal epiboly and convergent extension. Subsequently, mutants have variable deletions of the forebrain and sometimes the eyes ( Fig. 2C -E) . In less severely affected mutants the optic vesicles are fused and the prosencephalon is smaller. In c43c8-1A mutants neural keel formation is delayed. Small optic vesicles evaginate and subsequently forebrain and eyes are smaller than in wild type siblings. 80-19B mutants are completely eyeless and the midbrain appears to be expanded in expense of the prosencephalon (Kitagawa et al., 2004) .
Mutants with defects in optic vesicle formation
Mutations 3-18, 27-3 and 29-9 affect optic vesicle formation (data not shown). Mutant embryos are normal at early neurula stages. Only small optic vesicles evaginate in 3-18 and 27-3 mutants, which then degenerate in 3-18 mutants at early somitogenesis stages (st 20, 26 hpf). In 27-3 mutants further eye development is impaired, resulting in small eyes. Also in 29-9 mutants optic vesicles are formed, that are normal in the posterior part but smaller anteriorly where the optic stalk connects to the brain. At later stages the anterior portion of the eye and the forebrain are strongly reduced in size, such that the lens appears to be shifted anteriorly.
Cyclopia mutants
Four mutations that result in cyclopia were identified (Kitagawa et al., 2004 ; data not shown). The degree of Reduced eye pigmentation Reduced body pigmentation 1 c36c8
Reduced eye pigmentation Spotty pigmentation 1
References: 1, Loosli et al., 2004; Kitagawa et al., 2004; Sasado et al., 2004. fusion of the eyes is variable in these mutants. In 22-15A mutants only one eye is formed which is often reduced in size. The mutation 96-11B results in completely fused eyes. Both mutations also strongly affect forebrain development. In 22-15A mutants the forebrain appears to be absent, whereas in 96-11B mutants a small forebrain is present. 54-7A mutants are less severely affected; two completely fused eyes are formed. c31c1 mutants show a variable degree of eye fusion. The phenotype ranges from a single central eye and lens to mild cyclopia where the eyes are located close together and shifted ventrally. The telencephalon is reduced, whereas the midbrain is normal in c31c1 mutants. In two large scale zebrafish mutagenesis screens, cyclopia mutants have been isolated Schier et al., 1996) and shown to be affected in midline signalling (Schier, 2001 ). Thus it is likely that similarly midline signalling is affected in some of the Medaka mutants of group 1C.
Mutations affecting optic vesicle growth
The evagination of optic vesicles is normal in the 15 mutants of this class (Table 1) . However, subsequent growth is impaired, resulting in small optic cups. Often also the brain is reduced in size. In most cases the fore-and midbrain are affected strongest. In c43c8-1B mutants the optic vesicles fail to round up and appear flattened (Fig. 3A,B) . The forebrain is not affected by this mutation. In c43c8-2 mutants the expressivity is variable, ranging from smaller eyes to almost complete lack of eyes. Retinal pigmentation ectopically extends to the forebrain resulting in a partial or complete dorsal bridge of pigmentation connecting both eyes. Lenses are reduced in size and frequently located asymmetrically. Expression analysis of pax6 in c43c8-2 mutants at 60 hpf (st 27) suggests retarded retinal development. The uniform expression in the mutant retina and lens is reminiscent of earlier stages, whereas in the wild type pax6 expression is restricted to the dorsal portion of the retina and to the lens epithelium, respectively (Fig. 3C,D) . In mutants of this group, histological sections reveal also impaired retinal differentiation. For example, at 5 dpf (st 34), lamination of the neural retina is not detectable in c2c3A mutants, indicating that retinal differentiation is completely absent. Furthermore, the pigment epithelium is also thickened in mutant retinae (data not shown). 
Mutations affecting optic cup development
In the 18 mutants of this class eye development is normal up to the optic cup stage at 36 hpf (st 23; Table 1 ; (Kitagawa et al., 2004; Sasado et al., 2004) . However, the mutant phenotype becomes morphologically apparent prior to the onset of retinal differentiation at 54 hpf (st 26, Figs. 3 and 4 and data not shown). In c11c3 mutants the optic cups are flat and elongated due to an incomplete closure of the optic fissure. Also in the tectum of the midbrain, dorsal closure is affected. The lenses are smaller and shifted ventrally. Histological sections of 6 dpf (st 36) c11c3 mutant retinae reveal morphological abnormalities of the outer and inner nuclear layer (Fig. 3E,F) . Furthermore, even at this late stage the eye is not closed ventrally. In addition to the eye, fin and heart development is affected in c11c3 mutant embryos. Optic cup morphology is also affected by the 24-13 mutation. At 48 hpf (st 25), mutant optic cups that are initially normal remain rounded and their growth is subsequently retarded. The forebrain is narrower than in the wild type, therefore the eyes are located closer together. c48c5 mutants have enlarged optic cups, whereas the remaining mutations of this class result in smaller optic cups. In these mutants the tectum is strongly reduced in size, sometimes even absent. Histological section revealed impaired retinal development in these mutants after the onset of differentiation. At 54 hpf (st 26), c71c2 mutant retinae are morphologically normal, albeit smaller. Differentiation of the central retina is detectable at 4 dpf (st 32). The formation of an optic nerve indicates the presence of ganglion cells. At 6 dpf (st 36), apoptosis starting at the periphery of the neural retina results in a degeneration of the retina. The ganglion cell layer, innerand outer-nuclear layer form in the c49c1 mutant (Fig. 4B) . However, at 6 dpf (st 36) the CMZ is smaller in the mutant retina, indicating that at this late stage, the proliferation zone is reduced. The retinae of c82c1 mutants are smaller than the wild type but normal layer formation is detectable at 4 dpf ( Fig. 4C) . At 6 dpf (st 36) patches of abnormal cells are visible in the inner nuclear layer of mutant retinae, whereas the other nuclear layers appear to be less affected. In c20c1A mutant retinae, however, there is no layer formation detectable and the undifferentiated retinae eventually degenerate at 6 dpf (st 36).
Mutations affecting retinal differentiation
We identified 13 mutations that affect retinal differentiation from 54 hpf (st 26) onwards (Table 1, Figs. 4 and 5 and data not shown). Earlier development of the optic vesicle and cup is normal. Twelve mutants show a small eye phenotype and exhibit different defects in the differentiating retina, when analyzed by histological sections. Retinae of c2c3B mutants are morphologically normal at 4 dpf (st 32). However, at 6 dpf (st 36), cells of the CMZ look abnormal and the integrity of the central part of the retina is compromised (Fig. 4D ). An optic nerve is formed, indicating ganglion cell differentiation.
c23c5 mutants have normal lamination in a small region of the central retina at 6 dpf (st 36, Fig. 4E) . The CMZ appears to be enlarged. Thus, it is likely that normal progression of retinal differentiation is blocked at an early stage, leaving most of the retina in an undifferentiated state. Layer formation is not detectable in c33c2 mutant retinae at 6 dpf (st 36, Fig. 4F ). The neural retina grows ectopically and around the pigmented epithelium, resulting in a sandwich arrangement in the dorsal part of the eye. The ventral RPE portion is thickened. c61c3B mutants show misshaped and small eyes at 3 dpf (st 29), which subsequently degenerate. The mutations c18c6 and c15c3 lead to a complete degeneration of retinal tissue at 5 dpf (st 34).
The eyes of 34-10 mutant embryos are enlarged. 34-10 mutants show an eye-specific pigmentation phenotype that becomes visible shortly after the onset of retinal pigmentation at 48 hpf (st 25). The pigmentation is patchy and restricted to the more peripheral region of the eye (Fig. 5A,  B) . The 23-3A mutation is allelic to 34-10. In 23-3A mutants the proximal eye remains completely unpigmented. From the onset of differentiation at 54 hpf (st 26) onwards the retina is thicker compared to the wild type. Histological sections showed that retinal lamination is severely disrupted (Fig. 5C,D) . The wild type arrangement of the three nuclear and the two plexiform layers is not present, resulting in a disorganized retina. Nuclear layers are not visible and plexiform matter is distributed in patches. In 34-10 and 34-4 mutants an optic nerve is occasionally visible, suggesting that at least ganglion cells are formed. Apart from a small tectum, the overall morphology of the brain and other body regions is unaffected. 23-3 mutants show defects in blood cell circulation, resulting in blood clots at different regions. The penetrance of this phenotype is incomplete, in contrast to that of the retina and tectum. A small number of zebrafish mutants with similarly affected retinal lamination and pigmentation have been identified and described (Jensen et al., 2001; Malicki et al., 1996) . It has been shown that these mutants are also affected in apical-basal polarity of retinal progenitor cells (Pujic and Malicki, 2003) . Future analysis will address whether this is also the case in the 34-10/23-3A mutant. Blood clotting defects are also observed in c4c5 and c66c1 mutants.
Mutations affecting retina pigmentation
Three mutations were isolated that affect pigmentation of the eye (Table 1 , data not shown). 50-4A mutant embryos have a reduced pigmentation of the RPE (Kitagawa et al., 2004) . The mutations c36c8 and c61c3C affect both pigmentation of the retina and the rest of the body. In c36c8 mutants the pigmented granules of melanocytes condensate soon after pigmentation starts at 48 hpf (st 25), resulting in a small spotty appearance of the melanocytes. During further development c36c8 leads to a severe hypopigmentation of both the RPE and body. In addition guanophores are also absent in mutants. Morphologically mutant embryos are normal. The c36c8 mutation is lethal Fig. 3 . Mutants affected in optic vesicle and cup growth. Dorsal views of c43c8-1B mutants (A) and wild type (B) embryos at 28 hpf (st 19). The mutant optic vesicles fail to round up and appear flattened; the midbrain is kinked. (C,D) , Transversal sections of c43c8-2 mutant (C) and wild type (D) embryos at 60 hpf (st 27). Whole mount in situ hybridisation with a pax6 probe reveal uniform expression in the retina and lens of the mutant. In the wild type, pax6 expression is restricted to the dorsal part of the retina and the lens epithelium (arrowhead). Histological sections of c11c3 (E) and wild type (F) eyes at 6 dpf (st 36). The mutant optic cup fails to close ventrally during development (arrow). The nuclear and plexiform layers are formed, are, however, narrower. The integrity of the inner nuclear layer is compromised (arrowhead). Note the abnormal morphology of the lens in the mutant eye. before hatching. The c61c3C mutant phenotype becomes visible at 60 hpf (st 28), shortly after the onset of body pigmentation. Mutants show a reduced pigmentation of the RPE and melanocytes. The overall morphology is normal. However, with the exception of a few escapers, mutants die within one week after hatching.
Discussion
In a large scale mutagenesis screen of Medaka fish we have identified 60 recessive mutations that affect retina development. Due to complete transparency of eggs, the initial screen was based on morphological criteria. Several independent parameters determine the number of mutants that are isolated in such a random mutagenesis screen. First, the number of mutations identified depends on the saturation of the screen. We have screened less than 1600 haploid genomes (Furutani-Seiki et al., 2004) and therefore this screen did not aim to reach saturation, a fact, which is reflected in the low numbers of mutations for which more than one allele was recovered. Second, the screening relied on phenotypes that are detectable by visual inspection of embryos using standard dissection microscopes. Subtle phenotypes may remain undetected and will require more sensitive assays such as the use of molecular markers. Third, overlapping and redundant expression of closely related genes often results in functional redundancy, which will be uncovered only by simultaneous inactivation of the respective genes (Sidow, 1996; Suga et al., 1999; Wittbrodt et al., 1998) . Finally, maternally contributed gene products may complement for the loss of zygotic gene function (Kim et al., 2000; Zhang et al., 1998) .
Based on the phenotypic analysis, the isolated mutations can be grouped into five categories, each affected in a different step of vertebrate eye development. This variety of different mutations indicates that the mutagenesis and the screening procedure in particular were efficient and unbiased.
The first group of mutants is characterized by phenotypes that are visible prior to or during optic vesicle evagination at 23 hpf (st 17). Three mutations of this class result in partial (14-24 and 8-14) or complete (80-19B) absence of the optic vesicles at early somitogenesis stages. The molecular analysis of a number of eyeless mutations, mainly from zebrafish and Medaka fish, has shown that lack of optic vesicles can be caused by either defects in cell fate specification or morphogenesis. Mutations in genes that are required for patterning of the anterior neural plate, such as members of the Wnt signaling pathway and the transcription factors six3 and pax6, result in eyeless embryos (Carl et al., 2002; Heisenberg et al., 2001; Hill et al., 1991; Kim et al., 2000; Lagutin et al., 2003) . These mutant phenotypes are accompanied by forebrain abnormalities, indicating also a role in patterning of regions adjacent to the retina anlage. The homeobox transcription factor rx3 on the other hand is essential for optic vesicle evagination and loss of function mutations lead to an eyeless phenotype where retinal progenitor cells do not evaginate but remain in the forebrain (Loosli et al., 2003; Loosli et al., 2001) . A large number of established molecular markers for the developing eye and forebrain will allow to address whether retinal fate specification and/or morphogenesis are affected in these mutants.
Our observations suggest that convergent extension is affected in 14-24 and 8-14 mutant embryos, leading to an abnormally shaped neural keel. A number of zebrafish mutations that show defects in this process have been isolated and found to be affected in genes that regulate planar cell polarity (Heisenberg and Tada, 2002; Myers et al., 2002) . In addition to the gastrulation defects, the mutant phenotypes of 14-24 and 8-14 also show deletions of forebrain and eyes, suggesting that cell fate specification is impaired as well. This process appears to be much less affected in the zebrafish mutants. Therefore the severe defects in cell fate specification are an intriguing aspect of the 14-24 and 8-14 mutants.
We have identified several mutants that result in small eyes. Based on the stage where the growth abnormality is first visible, these microphtalmia mutants were assigned to three groups. Members of group 2 are first affected after optic vesicles have evaginated. Members of group 3 are characterized by growth retardation starting at the optic cup stage and the last group shares a growth defect after the onset of retinal differentiation. This suggests that growth control of the eye requires the activity of at least three groups of genes, each with non-redundant functions. Several genes that, when mutated, result in microphtalmia, have been identified. For example Pax6 haplo-insufficiency results in microphtalmia in heterozygous Small eye mice (Hill et al., 1991) . Loss of function mutations of another homeobox transcription factor Chx10 that is required for bipolar cell differentiation also result in microphtalmia (Burmeister et al., 1996) . Bmp7 knock-out mice show microphtalmia (Dudley et al., 1995) . Overexpression of the cell cycle regulator geminin causes a small eye phenotype. Conversely, loss-of geminin function results in retinal hyperplasia . Finally, mutations of genes that are not expressed in the neural retina can cause this phenotype, as for example Mitf, which is expressed in the pigment epithelium (Hodgkinson et al., 1993) . Thus, mutations in a diverse group of genes that act at different stages and in different regions may cause microphtalmia and in many cases the underlying genetic interactions are not well understood. Therefore, the small eye mutations isolated in this screen will help to address the molecular genetic mechanisms involved in growth control of the developing eye.
Histological analysis of mutant retinae showed that most mutants of group 4 are affected in the initiation of retinal differentiation at 54 hpf (st 26), a process that ultimately results in the laminated arrangement of different cell types in three layers separated by two plexiform layers. Evidence from different vertebrate model systems indicates that the regulation of the cell cycle is crucial for neuronal determination and differentiation (Dyer and Cepko, 2001; Ohnuma et al., 2001) . Various mechanisms couple these processes at different steps. Therefore it is perhaps not surprising that mutations that affect growth result also in differentiation defects. In line with this, several mutants of group 3 that are morphologically affected already at earlier stages also show severely impaired retinal differentiation in histological sections.
An elegant set of experiments identified the optic stalk as the source of the signal that triggers neuronal differentiation in the retina (Masai et al., 2000) . However, the molecular nature of the signal itself is unknown. Subsequently, retinal differentiation progresses in a wave like manner from the central part towards the periphery. This progression requires hedgehog (hh) and FGF signaling (McCabe et al., 1999; Neumann and Nuesslein-Volhard, 2000) . Interestingly, some of the mutants from group 4 are impaired in the progression of retinal differentiation. However, these mutants do not show other aspects that are typical for mutations that affect hh and FGF signaling, such as fin defects, mid-hindbrain boundary defects and ventral midline abnormalities (Russel, 2003) . This suggests that these mutants may be affected in genes exerting functions that are more specific for the progression of retinal differentiation.
Several pigmentation mutants have been identified both in zebrafish (Kelsh et al., 1996; Malicki et al., 1996; Rawls et al., 2003) and Medaka (Fukamachi et al., 2001; Loosli et al., 2000) . The pigmentation mutants c61c3C and c36c8, are lethal during late embryogenesis and exhibit a severe hypo-pigmentation both in the body melanocytes and the RPE. Therefore these mutations are different from the viable mutations that have previously been described in Medaka (Fukamachi et al., 2001; Loosli et al., 2000) . In zebrafish several mutants affecting both RPE and body pigmentation show similar characteristics (Kelsh et al., 1996; Malicki et al., 1996; Rawls et al., 2003) . However, more detailed descriptions of these mutants will be necessary for a detailed comparison.
Protocols are available that will allow more refined screening procedures in the future. It is conceivable to use cell fate and stage specific molecular markers, either for whole mount in situ hybridization screens or for in vivo analysis with transgenic lines that harbor fluorescent protein reporter genes. Alternative mutagenesis approaches using gene trap or enhancer trap technology will allow the simultaneous detection of gene activity and phenotype (Bayer and Campos-Ortega, 1992; Grabher et al., 2003) . Furthermore the insertions can be used as molecular tags to identify the mutated gene.
Our results show that screening for morphological alterations using standard microscopy allows the isolation of mutations that affect different steps of Medaka eye development. Thus, Medaka is a robust and easy to maintain genetic model system, that nicely complements existing vertebrate model systems and is therefore also of great value with respect to comparative functional genomics.
Material and methods
Mutations were induced by ENU and identified in a three generation screen. Briefly, mutations were induced in founder male adult fish by a treatment with ENU (N-ethyl-N-nitrosourea). F3 offspring from random intercrosses of F2 families were screened for mutations. The details of the mutagenesis regimen and the screening procedure are described in an accompanying manuscript (Furutani-Seiki et al., 2004) . Four clutches of eggs were screened on three successive days, to ensure that a sufficiently high number of embryos were analyzed. For further analysis, heterozygous carriers of the mutations were outcrossed to the Cab wild type strain. The mutations are kept in this inbred background. Mutations with similar phenotypes were subjected to a genetic complementation analysis. Outcrossed, heterozygous carriers of the respective mutations were mated to test for complementation.
For the initial analysis of mutant phenotypes, stereo dissection microscopes were used. Embryos were kept at 28 8C (Loosli et al., 2000) . Whole-mount in situ hybridization and vibratome sections were done as described (Loosli et al., 1998) . Histological sections using methylene blueAzure II staining have been done with the following modifications: embryos were fixed in 4% paraformaldehyde for 4 h at room temperature, embedded in JB4 resin and sectioned at 5 mm using a Leica Ultramicrotome. After sectioning, they were stained and mounted as described.
